The LHCb Collaboration has recently reported evidence for the rare hyperon decay Σ + → pµ + µ − that is consistent with the standard model expectation. Motivated by this new result we revisit the calculation of this mode including both long and short distance contributions. In the standard model this mode is completely dominated by long distance physics and thus subject to large uncertainties. We present a range of predictions for the rate, the dimuon invariant mass spectrum, and a muon polarisation asymmetry that covers these uncertainties as well as known constraints. We study the interplay between short and long distance contributions which could result in additional asymmetries, but we find that they are negligible within the standard model. We propose a parameterisation of these asymmetries in terms of a couple of constants that can arise from new physics.
I. INTRODUCTION
The rare hyperon decay Σ + → pµ + µ − gained much attention in 2005 when the HyperCP Collaboration at Fermilab reported the first evidence for this mode consisting of three events with the same dimuon invariant mass M µµ = 214.3 MeV [1] . Although the implied rate was consistent with its standard model (SM) value, the event clustering hinted at the possibility that the decay was mediated by a light new particle.
The LHCb Collaboration, now in a position to repeat that measurement with a much larger event sample, has recently already turned up 4.1σ evidence for the decay [2] . The reported branching fraction,
is in agreement with the range implied by the HyperCP observation [1] ,
+6.6
and with the SM prediction [3] 1.6 × 10
Unlike HyperCP's finding, the new data from LHCb do not reveal any significant structure in the dimuon mass spectrum [2] . If this result is confirmed with the larger event sample they expect to collect in the near future, it will of course close the window on the possibility of a new light particle which was much speculated following the HyperCP announcement [4] [5] [6] . A larger sample of events would at the same time permit a more detailed study of the SM predictions.
With this in mind, we revisit our SM calculation to present up-to-date predictions for the rate, the dimuon invariant-mass distribution, and a series of asymmetries for this mode. As some of the asymmetries turn out to be tiny in the SM, we also explore how new physics (NP) beyond it might enhance them to detectable levels.
The organization of the paper is as follows. In section II, we first briefly review the various SM contributions to Σ + → pµ + µ − and subsequently write down the decay amplitude in a form that accommodates them and also includes a number of terms which could be induced by heavy NP. In section III, we derive the observables of interest: the rate, the M µµ spectrum, the muon forwardbackward asymmetry, and three different polarization asymmetries of the muons. In section IV, we evaluate the expectations of these quantities within the SM. Some of them are found to be highly suppressed and therefore may serve as places to look for NP signals. In section V, we deal with the potential NP effects which can substantially enhance the observables predicted to be tiny in the SM. Finally, we conclude in section VI. An appendix contains additional formulas.
II. EFFECTIVE HAMILTONIAN AND DECAY AMPLITUDE
Within the SM, the amplitude for Σ + → pµ + µ − receives short distance (SD) and long distance (LD) contributions. This process may also be influenced by SD effects due to new physics at high energy scales.
A. SM short distance contribution
For this decay the SD physics in the SM is described by the effective Hamiltonian [7] 
where G F is the usual Fermi constant, z 7V and y 7V,7A are the Wilson coefficients, and λ q = V * qd V qs with V kl denoting the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. We have dropped from Eq. (4) the contribution of the SD electromagnetic-penguin diagram, which can be neglected in strangeness-changing |∆S| = 1 transitions [7] . To estimate the SD amplitude M
SD SM
induced by H eff , we employ the baryonic matrix elements [3, 4] 
derived from the leading-order strong Lagrangian in chiral perturbation theory (χPT), where q = p Σ − p p is the difference between the four-momenta of Σ + and p. Thus,
B. SM long distance contribution
The LD contribution arises mainly from the photon-mediated process Σ + → pγ * → pµ + µ − . The amplitude M LD SM for this transition can be parameterized by four (complex) gauge-invariant form factors [8] . In the notation of Ref. [3] 
1 The kaon-pole part of p|dγ ν γ 5 s|Σ + was not included in [3] , but the numerical consequence is negligible due to the smallness of the SD contribution.
where e 2 = 4πα(0) with α(0) ≃ 1/137 [9] and a, b, c, and d represent the form factors, which are functions of q 2 = M 2 µµ . Their expressions are available from Ref. [3] .
C. Amplitude including new physics contributions
Beyond the SM, new interactions at SD may generate contributions to Σ + → pµ + µ − which modify the SM ones and/or give rise to new terms in the decay amplitude M. To accommodate both of them, in this paper we consider the form
where q = p Σ −p p = p + +p − , with p ± denoting the respective four-momenta of µ ± , andã,b, ...,k are complex coefficients. As some of the observables to be dealt with in the next section are predicted to be very small in the SM, later on we will entertain the possibility that NP affects some of the coefficients and brings about substantially enhancing effects on such observables.
III. OBSERVABLES
After averaging (summing) |M| 2 over initial (final) spins, we arrive at the double-differential decay rate
where
with
The quantities pertinent to Σ + → pµ + µ − that have been measured so far are the branching fraction and the dimuon invariant-mass distribution [1, 2] . If a good amount of data on this decay become available from future experimental efforts, there are other observables that can be analyzed.
One of them is the forward-backward asymmetry A FB of the muon defined as
where θ is the angle between the directions of µ − and p in the rest frame of the dimuon system. As outlined in appendix A, from Eqs. (10) and (11) we can get
with F 0,1,2 being independent of θ and written down in Eq. (A4), leading to
This may be the main observable that could provide a window into NP interactions modifying the terms in the SM amplitude not dominated by the LD components. Also of interest is the integrated forward-backward asymmetrỹ
In the rest frame of the dimuon system, we can also investigate the polarization asymmetries of the leptons.
2 In this frame, the four-momenta of the particles involved and θ are given by
Furthermore, we can select the unit vectors of the coordinate axes to bê
and so the particles move only on the x-z plane. Accordingly, the spin four-vectors of µ ± are
where ς ± x,y,z are the spin three-vector components satisfying (ς
fulfill the normalization and orthogonality requirements s 2 ± = −1 and s ± · p ± = 0 and reduce to s ± = 0, ς
in the rest frames of µ ± , respectively. These choices lead to
with s θ = 1 − c 2 θ and ǫ 0123 = +1. To deal with a specific polarization of µ − (µ + ), we change 2 The forward-backward and polarization asymmetries which we consider are analogous to those previously addressed in the literature on the inclusive decay b → sℓ + ℓ − [10] and the baryon decay Λ b → Λℓ + ℓ − [11] , as well as the kaon decay
To examine the decay when µ − is polarized, we can express the resulting differential rate as
where the subscripts L, N, and T refer to the longitudinal, normal, and transverse polarizations of µ − along the chosen z-, y-, and x-axes, respectively. We find the corresponding polarization asymmetries P − L,N,T to be
For µ + being polarized, we can obtain formulas analogous to Eqs. (25)-(26). With respect to their µ − counterparts, the resulting polarization asymmetries are
Similarly to the forward-backward asymmetry, we can also define the integrated µ ∓ polarization asymmetriesP
We notice that P 
IV. STANDARD MODEL PREDICTIONS
The nonzero coefficients in Eq. (9) due to the SD and LD amplitudes in the SM alone arẽ
from subsections II A and II B. To assess their effects on our observables of concern, we adopt z 7V = −0.046α, y 7V = 0.73α, and y 7A = −0.654α [7, 13] , with α = α(m Z ) ≃ 1/129 [14] , the up-to-date CKM parameters supplied by Ref. [9] , and D = 0.81 and F = 0.46 from fitting the lowest-order matrix elements of charged currents in semileptonic baryon decays [15] to their existing data [9] .
In Ref. [3] , to determine the q 2 dependences of the form factors a, b, c, and d, first we calculated their imaginary parts with the aid of unitarity arguments. Subsequently, with the resulting Im(a, b) evaluated at q 2 = 0, we approximated the real parts of a and b as constants which were fixed from the measured rate and the asymmetry parameter of the radiative decay Σ + → pγ, up to a fourfold ambiguity. Moreover, since Im(a, b, c, d) could be treated in either the relativistic approach or heavy-baryon approach of χPT, we took both of them and as a consequence ended up with eight sets of Re(a, b) values. In the present paper, with the above values of D and F plus the latest pion-decay constant f π = 92.07 MeV [9] , we repeat these steps, which lead to Im a(0), b(0) = (2.85, −1.84) MeV and Im a(0), b(0) = (6.86, −0.54) MeV in the relativistic and heavy-baryon approaches, respectively, as well as the Re(a, b) numbers listed in Table I . These results are almost unchanged from their counterparts in Ref. [3] . As for the real parts of c and d, which cannot yet be extracted from experiment, we simply follow the vector-meson-dominance approximation of Ref. [3] .
Putting together the SD and LD contributions to Σ + → pµ + µ − , we evaluate its branching fraction B and collect the results for the 8 different sets of Re(a, b) in the third column of Table I , where for the first (last) 4 rows the relativistic (heavy baryon) expressions for Im(a, b, c, d) have been used. These B numbers are again little changed from those in Ref. [3] , the slight differences between them being partly due to the SD component being neglected therein and partly due to the updated input parameters. The SD contribution alone would produce B ∼ 10 −12 [3] . Compared to the 2σ upper-limit of the LHCb finding B = 2.2 +1.8 −1.3 × 10 −8 [2] , the B predictions less than ∼ 6 × 10 −8 in this table appear to be favored, but the statistical confidence of the data is still too low for a definite conclusion. To explore the predictions further in anticipation of more data from LHCb, in this paper we adopt a slightly different point of view from Ref. [3] . We regard the differences between the Im(a, b, c, d) formulas in the relativistic and heavy-baryon approaches as a measure of the theoretical uncertainty in the calculations, attributable to higher orders in χPT, and present results reflecting the respective ranges of Im a(0), b(0) and Re(a, b). To do this, we generate randomly several thousand benchmark points satisfying the restrictions from the Σ + → pγ data at the 2σ level, 3 taking into account the two allowed regions differing by the sign of Re(a, b). The distributions of the points in relation to these parameters are exhibited in Fig. 1 . In the computation of B for this figure, we have devised functions f a,b,c,d for Im (a, b, c, d ) which interpolate linearly between their relativistic (rel) and heavy-baryon (HB) expressions: Table I because we have now extracted Re(a, b) from the aforementioned Σ + → pγ data at 2σ. In these four plots,
we have added horizontal red lines to mark the 2σ upper-limit of the LHCb result [2] .
In Fig. 2(a) , we display the differential rate calculated in the SM as a function of the dimuon invariant mass, M µµ . The light-orange (shaded) region depicts the range of the prediction from 3 The pertinent observables are the branching fraction B(Σ + → pγ) = 4απG and α Σ = −0.76 ± 0.08 [9] . (−13.3, 6 .0), (6.0, −13.3) , (−6.0, 13.3) [(11.0, −7.3) , (−11.0, 7. 3), (7.3, −11.0) , (−7.3, 11.0) ], respectively. The light-orange (shaded) region enveloping the curves corresponds to the parameter space represented by the benchmark points in Fig. 1. (b 
the parameter space represented by the benchmark points in Fig. 1 . To illustrate the prediction more specifically, we have drawn the solid (dashed) curves corresponding to the first (last) 4 sets of Re(a, b) listed in Table I . In Fig. 2(b) the related differential rate dΓ/dM µµ /Γ = 2Γ ′ M µµ /Γ, normalized by the total rateΓ ≡ Γ(Σ + → pµ + µ − ), offers a complementary picture of the M µµ distribution. This was also studied by LHCb [2] , but more data are needed to test the prediction clearly.
As for the other observables of interest, we find that the forward-backward asymmetry A FB and the polarization asymmetries P ± L,N are tiny in the SM, below 10 −4 . In light of Eqs. (17), (26), and (29), this is attributable to the fact that all of these asymmetries involve no more than one factor from the LD component and therefore in the SM are proportional to at least one power of the product λ t y 7A , which is about 1.9 × 10 −6 in size and comes from the SD amplitude. For this reason, we do not show their graphs and only quote their integrated counterparts in Table I . In contrast, P − T andP − T can be large, reaching up to roughly 60%, because they each contain interference terms between two LD contributions. This is illustrated in the last column of Table I and in Fig. 3 , where the light-orange (shaded) region indicates the predicted range of P − T and contains the (solid and dashed) curves corresponding to the same eight Re(a, b) sets, with the same curve styles, as in Fig. 2 . Concerning the µ + polarization asymmetries, it is simple to see from Eqs. (27) and (29) that the SM predicts P The smallness of A FB and P ± L,N in the SM implies that they can serve as places to look for signals of physics beyond the SM. Unambiguous measurements of any one of these quantities at the percent level or higher would be strong evidence for NP. In the next section, we explore some scenarios which may bring about such signals. 
V. NEW PHYSICS CONTRIBUTIONS
As explained in the last section, in the SM the asymmetries A FB and P ± L,N , as well as their integrated partners, are suppressed by at least one power of the coefficients in the decay amplitude which are not dominated by LD physics, namelyẽ,f, andk, the other ones (g,h, andj) vanishing. If new interactions beyond the SM exist, one or more of these coefficients could receive contributions which give rise to appreciable enlargement of some of the asymmetries and perhaps influence the rate as well.
To entertain this possibility, without dwelling on the specifics of an underlying model, for simplicity we focus on a couple of scenarios in which NP significantly affects only one of the coefficients which enter all of the asymmetries:ẽ andf. Thus, we alter their SM formulas in Eq. (29) 
where g e,f and φ e,f parameterize the magnitudes and phases of the NP contributions.
To investigate their numerical impact, for definiteness we fix the parameters of the SM amplitude to those of one of the benchmark points yielding the branching fraction B sm = 2.0 × 10 −8 , which also predicts the integrated asymmetryP In addition, we let φ e,f run from 0 to 2π. It turns out that the variation of these phases is unimportant for the rate but can have dramatic effects on the asymmetries.
In scenario I, where the NP enters viaẽ alone, the first example gives B = 2.0 × 10 −8 , almost identical to its SM value, andP − T which fluctuates roughly around its SM prediction and between 48% and 58% depending on φ e , as can be viewed in the top left graph of Fig. 4 . Also in this instanceÃ FB andP − L,N are merely under 1% in size. In the second example, with g e being ten times greater, we see more striking discrepancies from SM expectations: B = 4.6 × 10 −8 , more than twice its SM value,P scenario I. Nevertheless, as the bottom right graph in Fig. 4 shows, the other asymmetries enjoy the most enhancement compared to the preceding instances and can go up to as much as a few tens percent in size.
Finally, we remark that at the quark level the simplest effective interactions that could bring about the above NP contributions are described by L NP ⊃ −dγ κ ĝ V + γ 5ĝA s µγ κ γ 5 µ + H.c.
withĝ V andĝ A being coupling constants characterizing the underlying heavy physics. However, strict restraints from the data on kaon decays K → πµ + µ − , µ + µ − [13] would preventĝ V,A , respectively, from being sufficiently large to generate the g e and g f terms of the desired size. One might also think of attempting to evade the kaon restrictions by including other operators, such as L NP ⊃ −ĝ P dγ 5 s µγ 5 µ + H.c. which could render the K → µ + µ − constraints no longer applicable. However, this would be achievable only with some degree of fine tuning among the different quark operators. It follows that if NP signals are detected in the asymmetries examined here, the underlying interactions may need to be described by less simple combinations of the operators.
VI. CONCLUSIONS
Motivated by the evidence for Σ + → pµ + µ − recently reported by LHCb and in anticipation of more data on this rare decay which they will collect in the near future, we have revisited our earlier SM calculation to present up-to-date predictions for the rate, the dimuon invariant-mass distribution, and a series of asymmetries for this mode. Given that within the SM this process is completely dominated by long-distance physics and thus subject to sizable uncertainties, we presented ranges of predictions for these observables, taking into account the uncertainties as well as known constraints. Similarly to our past estimates, our results for the branching fraction and dimuon invariant-mass distribution agree with the recent LHCb measurements which still have limited statistics. Much improved data are needed to probe the predictions more stringently.
We demonstrated that some of the asymmetries are highly suppressed in the SM, which on the upside makes them potential avenues for new-physics searches. We entertained the possibility of NP influencing a couple of the terms in the decay amplitude which have different Dirac structures and are not dominated by LD physics. We illustrated how the different NP contributions can produce different effects on the aforementioned observables. Our examples suggest that measurements of the asymmetries at the percent level or higher would constitute a strong hint of NP existence.
